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Tomato spotted wilt virus (TSWV) virions consist of a nucleocapsid core surrounded by a membrane containing glycoproteins GN and GC. To
unravel the protein interactions involved in the membrane acquisition of RNPs, TSWV nucleocapsid protein (N), GN and GC were expressed and
analyzed in BHK21 cells. Upon coexpression of GN, GC and N, a partial colocalization of N with both glycoproteins was observed in the Golgi
region. In contrast, upon coexpression of GC and N in the absence of GN, both proteins colocalized to a distinct non-Golgi perinuclear region.
Using FLIM and FRET, interaction was demonstrated between N and GC, but not between N and GN, and was only observed in the region where
both proteins accumulated. The genuine character of N–GC interaction was confirmed by its presence in purified virus and RNP preparations. The
results are discussed in view of TSWV particle assembly taking place at the Golgi complex.
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Members of the Bunyaviridae have membrane enveloped,
spherical virus particles about 100 nm in diameter. The lipid
membrane contains spike proteins that consist of the viral
glycoproteins GN andGC (N and C refer to the amino and carboxy
terminal position within the glycoprotein precursor, respec-
tively) which are generally assumed to dictate the mode and site
of virus assembly. Tomato spotted wilt virus (TSWV) is the type
species of the genus Tospovirus, whose members are the only
plant-infecting members of the family Bunyaviridae. For
TSWV, the 58 kDa GN is also referred to as to G2 and GC
(78 kDa) as G1 (Fig. 1).
The assembly of virus particles first requires the formation of
ribonucleoproteins (RNPs). These RNPs are complexes of viral
genomic RNA, N protein and a few copies of the L protein
(Elliott, 1990). For the animal-infecting bunyaviruses, the
actual particle assembly involves budding of RNPs into the
vacuolized lumen of Golgi stacks and, to a lower extend, the⁎ Corresponding author. Fax: +31 317 484820.
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are members of the hantavirus genus, which bud at the plasma
membrane (Elliott, 1990; Ravkov et al., 1997), and Rift Valley
Fever Virus that has also been reported to bud at the plasma
membrane of rat hepatocytes (Andersson and Smith, 1987).
Membrane envelopment of RNPs is likely triggered by
interaction of a component of the RNPs with (one of) the
viral glycoproteins.
In contrast to the animal-infecting bunyaviruses, TSWV
particle assembly in plant cells involves enwrapment of RNPs by
an entire Golgi stack, leading to the formation of doubly
enveloped virus (DEV) particles. Fusion of DEVs with each
other as well as with ER-derived membranes results in singly
enveloped virus (SEV) particles that accumulate in large vesicles
(Kikkert et al., 1999). Also for TSWV, the process of enwrap-
ment is assumed to be triggered by an interaction of the RNPs
with (for instance the cytoplasmic tails of) one or both of the
glycoproteins.
In mammalian cells transiently expressing the two TSWV
glycoproteins from the precursor gene, both GN and GC
accumulate in the Golgi apparatus (Kikkert et al., 2001).
When expressed in the absence of other viral proteins, GN is
able to reach the Golgi, although some GN can still be seen in
Fig. 1. Topology of the TSWV glycoprotein precursor. The constructs of GN and GC that were fused at their C-terminus to fluorophores YFP/CFP are depicted in
alignment with the precursor.
116 M. Snippe et al. / Virology 357 (2007) 115–123the ER. On the other hand, GC on its own shows only ER
localization, suggesting GC is not able to exit the ER, possibly
due to improper folding. Upon coexpression of GN and GC from
individual constructs, both proteins are observed in the Golgi
complex again, suggesting that GN is capable of rescuing GC
from the ER to the Golgi complex, most likely by the formation
of heterodimers (Kikkert et al., 2001).
Recently, transient expression of N in mammalian cells
revealed no Golgi or ERGIC localization. Instead, the TSWV
N protein is observed throughout the cytoplasm with a large
fraction accumulating in a non-Golgi perinuclear region, the
nature of which is as yet undetermined (Snippe et al., 2005a,
2005b). An active actin and microtubuli system is required for
this perinuclear localization, altogether indicating that N may
localize at the microtubule organizing center (MTOC) which in
mammalian cells is known to be located close to the nucleus.
Similar observations have been made for several of the animal-
infecting bunyaviruses (Andersson et al., 2004; Ravkov and
Compans, 2001; Reichelt et al., 2004). In light of the ob-
servation that transiently expressed GN and GC accumulate and
retain in the Golgi where the actual particle envelopment takes
place, the question arises how RNPs or N are able to
translocate from the non-Golgi perinuclear region to the Golgi
complex. In order to analyze whether interactions between N
and the glycoproteins play a role in this, N was expressed in
the absence and presence of GN and/or GC in mammalian cells
and its localization behavior analyzed. Although minor dif-
ferences in behavior of the viral proteins in mammalian cells,
compared to plant or thrips cells, cannot be excluded, no
significant differences regarding interactions between the viral
proteins are expected. The results showed a partial colocaliza-
tion of N and GC in a non-Golgi perinuclear region, suggesting
an interaction between N and GC. This was supported by the
existence of protein interactions as demonstrated by FRET and
FLIM.Results
Effect of fluorophore fusion on the localization of the viral
proteins
Fusion of N with CFP or YFP at either the C- or the N-
terminal side of the protein has recently been shown not to
influence its intracellular localization pattern. Both wild type and
fluorophore fusions of N form small aggregates in the cytoplasm
and large aggregates in a non-Golgi, perinuclear region (Snippe
et al., 2005a). In order to verify that the localization behavior of
the glycoproteins is not altered due to a fusion with a fluoro-
phore, the glycoproteins were fused at their carboxy terminal end
to CFP or YFP and subsequently expressed in BHK21 cells. Like
what is routinely observed for GN (Kikkert et al., 2001) GN–CFP
localized, next to ER, in accumulating amounts in a perinuclear
region. Upon cotransfection with the trans-Golgi marker
galactosyl transferase fused to YFP (GT–YFP) (kindly provided
by Dr. Tsien), this perinuclear localization was confirmed to be
the Golgi apparatus (Figs. 2a–f). Likewise, fusion of CFP or
YFP to GC did not alter its ER localization pattern as earlier
observed (Kikkert et al., 2001), and as shown in Figs. 2g–h.
Coexpression of N and glycoproteins
To analyze whether coexpression of N with GN and/or GC
affected its intracellular localization, BHK21 cells were
cotransfected with constructs coding for the different proteins
and the expressed proteins were analyzed for their intracellular
localization. Whereas transient expression of N in BHK21 cells
revealed accumulation in a non-Golgi perinuclear region as
reported earlier (Snippe et al., 2005a; Fig. 3a), coexpression with
the glycoprotein precursor, rendered a partial colocalization with
the glycoproteins in the Golgi region (Figs. 3b–d). This pattern
was consistently observed in all cells from several independent
Fig. 2. Expression of TSWV GN (a–c), GN–CFP (d–f), TSWV GC (g) and GC–CFP (h) in BHK21 cells. Cells were cotransfected with constructs coding for Golgi-
marker GT–YFP and either wild type GN (a–c) or GN–CFP (d–f), or singly transfected with constructs coding for GC (g) or GC–CFP (h). Wild type GN (a) and GC (g)
were immunostained and visualized using Rhodamine Red X (red signals); CFP (cyan signals) and YFP (yellow signals) were examined directly. Images were taken
using a confocal microscope. Detection of GN (a); GT–YFP (b); merge of panels a and b (c); GN–CFP (d); GT–YFP (e); merge of panels d and e (f); GC (g); GC–CFP
(h). Both wild type GN and the GN–CFP fusion protein show ER and Golgi localization, the latter overlapping with that of GT–YFP whereas both GC and GC–CFP are
distributed throughout the cell in a reticular (ER) pattern.
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tion was occasionally observed (Figs. 4a–c), but in comparison
to the single expression experiments the behavior of both
proteins seemed unaltered in each others presence, i.e., both
proteins still localized to their distinct perinuclear areas, with GN
accumulating in the Golgi (as verified by GT–YFP colocaliza-Fig. 3. Expression of TSWV N in the absence (a) or presence (b–d) of the viral glyco
and Golgi marker GT–YFP (a) or N–YFP and the glycoprotein precursor (b–d). W
Rhodamine Red X; YFP was visualized directly. Detection of N (red) and GT–YFP (g
N accumulates at a perinuclear site clearly distinct from the Golgi complex (a), but
overlapping with GN. Scale bars indicate 10 μm.tion; not shown). In contrast, upon coexpression of N and GC,
the localization pattern of GC drastically changed from a
reticular pattern to a perinuclear accumulation, in which N and
GC partially colocalized (Figs. 2g and h; Figs. 4d–f). This
colocalization was observed in approximately 75–85% of
cotransfected cells. This was a strikingly different localizationproteins. BHK21 cells were cotransfected with constructs coding for wild type N
ild type N and GN (expressed from the precursor) were immunostained using
reen) (a); GN (red) (b); N–YFP (green) (c); merge of panels b and c (d).Wild type
in the presence of both glycoproteins accumulates in the Golgi region, partially
Fig. 4. Coexpression of GN–CFP (cyan) and N–YFP (yellow) (a–c) and GC–YFP (yellow) and CFP-N (cyan) (d–f) in BHK21 cells. Cells were cotransfected with
constructs coding for GN–CFP and N–YFP (a–c), or for GC–YFP and CFP-N (d–f) and the localization of the proteins was readily visualized by the fluorophores.
Panels show GN–CFP expression (a); N–YFP expression in the same cell (b); merge of panels a and b (c); CFP-N expression (d); GC–YFP expression in the same cell
(e); merge of panels d and e (f). Some colocalization occurs in cells coexpressing GN and N (a–c), whereas in cells expressing N and GC (d–f), the localization of Gc
has been drastically changed in comparison to single expression of GC, resulting in clear colocalization in a perinuclear region. Scale bars indicate 10 μm.
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when GC was expressed from the glycoprotein precursor (Figs.
3b–d). Moreover, clusters of N as observed throughout the
cytoplasm during single expression were also less abundant in
the presence of GC, altogether suggesting an interaction between
N and GC.Fig. 5. Fluorescence and fluorescence lifetime images of cells coexpressing GC–CFP
constructs coding for the two fusion proteins. Fluorescence was directly detected (a, b
as indicated in the legend on the right (c, f). Panels show GC–CFP (a); N–YFP (b)
lifetime of GN–CFP (f). In regions where N accumulates, the lifetime of GC–CFP cle
at approximately 2600 ps (f).FLIM analyses of interaction between N and the glycoproteins
To analyze whether the altered localization behavior of GC in
the presence of N, and some observed colocalization of GN and
N (Fig. 4) was due to an interaction FLIM was applied. To this
end, BHK21 cells were cotransfected with the constructs codingand N–YFP (a–c) or GN–CFP and N–YFP (d–f). Cells were cotransfected with
, d, e), whereas CFP lifetimes were measured and displayed using pseudocolors
; fluorescence lifetime of GC–CFP (c); GN–CFP (d); N–YFP (e); fluorescence
arly decreases to below 2300 ps (c) whereas that of GN–CFP remains unchanged
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fluorophore fusion protein. Irrespective of the combination
used, a clear decrease in fluorescence lifetime of CFP was
consistently observed when N was coexpressed with GC (Figs.
5a–c). This decrease of CFP fluorescence lifetime (from 2600
ps to 2270 ps), visualized by red to yellow pseudocolors, was
only observed at locations were N accumulated and colocalized
with GC (Figs. 5a–c). A change in CFP lifetime was never
observed in cells coexpressing N and GN (Figs. 5d–f), nor in
cells only expressing either of the proteins alone (results not
shown). The colocalization of GC and N within the panels
shown (Fig. 5) was less clear in comparison to those earlier
shown (Fig. 4) and was likely due to cell-to-cell variation.
FRET analysis by acceptor photobleaching
To further substantiate these observations, BHK21 cells were
cotransfected with GC–CFP and N–YFP or with GN–CFP and
N–YFP and analyzed using acceptor photobleaching. Similarly
as observed in FLIM experiments, a direct interaction, as
evident from CFP fluorescence increase after photobleaching of
YFP, could be observed between N and GC in regions where N
accumulated and colocalized with GC. No CFP increase could
be observed after photobleaching when N was coexpressed with
GN (Fig. 6). The continuous decrease in CFP fluorescence
intensity observed both before and after bleaching, was also
observed in regions of the same cell which were not subjected to
a bleaching pulse.
Protein analysis of virions and RNPs
To support the existence of GC–N interactions, the presence
of a GC–N interaction was analyzed in (semi) purified virus/
RNP preparations. To this end, preparations of virus particles
and RNPs were resolved on SDS-PAGE in the presence or
absence of a reducing agent and subsequently analyzed on
Western blots. Two types of RNP preparations were analyzed,
i.e., a semi-purified and a more rigorously purified fraction,
using a Cs2SO4 gradient to remove any substance not
specifically bound to the RNPs. When semi-purified cytoplas-
mic RNPs were analyzed for their glycoprotein (GC and GN)
contents, both GC (78 kDa, Fig. 7 left panel, lanes 2 and 5) and
GN (58 kDa, Fig. 7 middle panel, lanes 2 and 5) were detected
regardless of the presence of DTT. For unknown reasons, the
size of GC from semi-purified RNPs was somewhat smaller
compared to GC from purified virus preparations (Fig. 7 left
panel, lanes 2 versus 3 and 5 versus 6). Upon analysis of the
glycoprotein content of Cs2SO4-purified cytoplasmic RNPs,
monomers of GC were seen in the absence and presence of DTT
(Fig. 7 left panel, lanes 1 and 4) whereas GN was totally absent
(Fig. 7 middle panel, lanes 1 and 4), indicating that specific
binding of RNPs to the viral envelope likely involves GC but not
GN. When enveloped virus particles were analyzed GC was
detected in a monomeric form as well as a higher molecular
weight form of around 180 kDa (Fig. 7 left panel, lane 3). The
ones larger than 250 kDa reacted with antisera against GC, GN,
and sometimes N (Fig. 7 right panel) indicating that theserepresented heteromultimeric complexes involving GC (Fig. 7
left and middle panel, lanes 3 and 6). Often, an additional
smaller protein (55 kDa) was observed that likely represented a
breakdown product.
Discussion
In order to shed more light on the interactions involved in the
membrane acquisition of TSWV RNPs, CFP and YFP fusion
constructs of N were coexpressed with GC (G1) and GN (G2)
fusion constructs in mammalian cells and analyzed for the in
vivo occurrence of protein interactions. Using acceptor photo-
bleaching and FLIM, interactions between N and GC have been
observed, but not between N and GN. Although the glycosyla-
tion pattern of mammalian cells is different from plant or thrips
cells and a difference between the intracellular localization
profiles of the glycoproteins in these cell types can not be
excluded, the genuine character of the GC–N interaction as
observed was confirmed by the existence of GC–N interactions
in mature virus particles and Cs2SO4-purified RNPs purified
from infected plants. These results are the first experimental
evidence for any bunyavirus indicating that the envelopment of
RNPs by Golgi membranes may require, or even be triggered by,
the interaction of GC and N. For other members of the Bunya-
viridae, e.g., Uukuniemi virus, speculations have been made on
interaction between GN and N based on the argument that the
cytoplasmic tail/ectodomain (ED) of GC, consisting of 5 amino
acids only, would be too short for possible interactions with
RNPs (Andersson et al., 1997). However, in the light of a
functional homology of all bunyavirus GC proteins (Cortez et al.,
2002) it seems likely that RNP envelopment involving GC–N
interactions described here applies to all bunyaviruses. The role
of GC during envelopment could then be similar to that of the
matrix proteins of other ss(−)RNA viruses. Computer assisted
binary and multiple sequence alignments have not revealed any
significant sequence homologies between TSWV GC ED and
those of other bunyaviral GC ED or matrix proteins of other ss(−)
RNA viruses (data not shown). On the other hand, some
structural similarity can be seen between the Uukuniemi GC ED
(KVKKS), a stretch in the TSWVGCED (amino acids 713–717;
KSRSK) and the RNA-binding domain of Influenza A virus
matrix protein (M1) that has been implied in its playing a role in
the interaction with RNPs (amino acids 101–105; RKLKR) (Liu
and Ye, 2002, 2004). A similar stretch of positively charged
amino acids can be observed in the ED of GC proteins from
representative members the Bunyaviridae, with the exception of
Bunyamwera virus, where the domain may possibly arise from a
discontinuous stretch of amino acids after folding.
The interaction observed for N and GC raises the question of
how this would fit into a model for TSWV particle assembly.
Whereas earlier studies on transient coexpression of GN and GC
in BHK21 cells indicated that GC requires an interaction with
GN to become translocated to and retained in the Golgi system,
data from this study showed an interaction between N and GC,
but not between N and GN. During the coexpression and
interaction of N and GC a partial colocalization was observed in
perinuclear regions other than the Golgi, as verified by the
Fig. 7. Protein analysis of virus and RNP preparations. Blots contain RNPs purified with Cs2SO4 (lanes 1 and 4), semi-purified RNPs (lanes 2 and 5) and virus
preparations (lanes 3 and 6) in the absence (1–3) or presence (4–6) of DTT. Blots were screened with antiserum against Gc (left panel) and Gn (middle panel). Similar
amounts of viral protein were loaded in all lanes, as shown by the blot probed with antiserum against N (right panel). In purified RNP preparations, N as well as Gc is
detected (left and right panel, lanes 1 and 4) but no Gn was found (middle panel, lanes 1 and 4). Molecular weight marker are indicated (kDa).
Fig. 6. FRET between GC–YFP and CFP-N as demonstrated using acceptor photobleaching. Cells were transfected with constructs coding for GC–YFP and CFP-
N (a, b), GC–CFP and YFP-N (c, d) or GN–CFP and N–YFP (e, f), and the CFP and YFP intensities (in arbitrary units) measured during the experiment. After the
bleaching pulse (indicated by an asterisk), YFP intensities drop in the bleached region. A simultaneous increase in CFP intensity is observed only in bleached
regions of cells transfected with GC and N (a, c), but not with GN and N (e) or in control regions in the same cell not subjected to photobleaching (b, d, f). A
decrease in CFP fluorescence during the experiment is routinely observed in bleached as well as non-bleached regions of the cells.
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localization observed for N during single expressions. More-
over, and strikingly, during coexpression of N and GC expressed
from the glycoprotein precursor, N and GC (and GN) partially
colocalized in the Golgi region. This leaves the possibility that
N–GC interaction might already take place independently from
GN, leading to a sequestering of ER-anchored GC to a (non-
Golgi) perinuclear region. Translocation of N–GC to the Golgi
could then be triggered upon interaction of GN and GC.
Experimental evidence for this hypothesis, however, is lacking
so far.
Earlier transient expression studies have shown that the
TSWV glycoproteins exhibit a similar trafficking behavior to
those of its animal-infecting counterparts (Kikkert et al., 2001).
Recently TSWV N was shown to localize at a perinuclear
location, as similarly observed for several animal bunyaviruses
(Reichelt et al., 2004; Ravkov andCompans, 2001; Andersson et
al., 2004), but the perinuclear localization could not be easily
explained within the context of virus assembly. For several
bunyaviruses a colocalization of N or RNPs with interferon-
induced MxA in the perinuclear region was observed, suggest-
ing MxA/GTPase-assisted sequestering and subsequent inacti-
vation of viral N/RNP structures in the perinuclear region.
Similarities with perinuclear aggregations formed by cells in
response to misfolded protein have led to the suggestion that
these aggregates could represent aggresomes (Andersson et al.,
2004; Kochs et al., 2002).
However, in view of the present findings regarding the
perinuclear interaction between TSWV N and GC, this hypo-
thesis may be disputed as the perinuclear localization and
accumulation could well present a specific stage during particle
assembly. The latter is being supported by observations for
several large cytoplasmic DNAviruses where structural proteins
were observed to concentrate in perinuclear foci called viral
factories (Heath et al., 2001; Jouvenet et al., 2004; Rietdorf et al.,
2001). In these cases, viral factories and aggresomes have been
shown to be related structures as they are both localized in the
vicinity of the microtubule organizing centre (MTOC) and
require an activemicrotubular network for assembly. For TSWV,
the perinuclear accumulation of N was also shown to depend on
an intact microtubule network (Snippe et al., 2005b). Although
the perinuclear localization of TSWV N has not been confirmed
to coincide with the MTOC yet, it is very well possible that
TSWV and other bunyaviruses exploit the aggresome pathway
to concentrate structural proteins at (intermediate) virus
assembly sites as postulated for large cytoplasmic DNA viruses
(Heath et al., 2001).
Further support for the involvement of the aggresome
pathway in virus assembly comes from the work on Mason-
Pfizer monkey retrovirus (M-PMV), whereM-PMVGag protein
localizes to a pericentriolar domain identified as the MTOC in a
microtubule and dynactin-dependent manner. Here, assembly
into immature capsids takes place. Upon coexpression with Env,
exit of M-MPV Gag from the pericentriolar domain and tran-
sport to the site of virus assembly, i.e., the plasma membrane, is
observed to take place (involving vesicular trafficking) (Sfakia-
nos and Hunter, 2003; Sfakianos et al., 2003). This last stepshows an analogy with the rescue of TSWV N–GC by GN to the
Golgi where particle envelopment takes place. If the aggresome
pathway indeed applies to TSWV and the other bunyaviruses
and the perinuclear accumulation and interaction of N and GC
represent a specific stage during particle assembly an intriguing
question remains as to when, where and in what order
interactions between the structural proteins occur in order to
form new infectious enveloped virus particles.
Materials and methods
Constructs
The pCS2 plasmid (Rupp et al., 1994) was used for cloning
and expression of the N fusion proteins as recently described
(Snippe et al., 2005a). In analogy, GN and GC fluorophore
fusion constructs were made. In brief, PCR products of TSWV
GC and GN genes, containing a BamHI restriction site at the 5′
end and an NcoI site at the 3′ end, before the stop codon, were
used in a three point ligation together with either the CFP or
YFP gene containing a stop codon and a BamHI site at the 3′
end and an NcoI site at the 5′ end. The resulting genes encoding
the fusion proteins GC–YFP, GC–CFP, GN–YFP or GN–CFP,
were inserted into the pSFV1 vector (Gibco-BRL, Life
Technology inc.), containing a NruI linearization site. The
BamHI site of the multiple cloning site was used for insertion of
the genes. The GN/GC precursor gene as well as the wild type
GN and GC proteins were expressed from pSFV-GP as described
by Kikkert et al. (2001).
Cell culture
Baby hamster kidney (BHK21) cells were maintained at
37 °C with 10% CO2 in Glasgow MEM culture medium
(Invitrogen) supplemented with 10% fetal calf serum (FCS),
2.6 g/l tryptose phosphate broth (Sigma), penicillin (100 U/ml)
and streptomycin (100 μg/ml). Cell densities were kept at a
maximum of 70–80% confluency.
Semliki Forest virus expression system
For transient expression of the TSWV GN and GC glyco-
protein constructs, the Semliki Forest virus (SFV) system was
used. This system was first described by Liljeström and Garoff
(1991). Recombinant pSFV constructs each containing the gene
for one of the proteins of interest were linearized using NruI,
followed by treatment with proteinase K to inactivate RNAses.
After phenol extraction, in vitro transcription and capping were
performed using the SP6 mMessage mMachine (Ambion, Inc.).
The quality of the transcripts was verified on a 1% agarose gel.
Cells were cultured in 80 cm2 tissue culture flasks and harvested
by treatment with Trypsin–EDTA (Gibco, Invitrogen), pelleted
by centrifugation for 5 min at 130×g and washed once with
electroporation buffer (2 mM HEPES, 15 mM potassium
phosphate buffer pH 7.2, 250 mM mannitol, 1 mM MgCL2).
Cells were resuspended in 800 μl electroporation buffer and
150 μl was transferred to a 0.4 cm electroporation cuvet. Cells
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the quality of the RNA. Electroporation was performed in a
BioRad GenePulser II electroporator by applying 2 pulses of
650 V and a duration of 5 ms with an interval of 5 s. After
electroporation, cells were resuspended in growth medium and
seeded on microscope cover glasses in 6-well plates. Cells
were incubated at 37 °C and 10% CO2 for 20–24 h. Cells were
examined in a Zeiss LSM510 confocal laser scanning micro-
scope. To detect proteins that were not fused to a fluorophore, an
indirect fluorescence analysis was performed.
Indirect fluorescence analysis
Coverslips with attached cells were fixed in 96% ethanol for
20min, washedwith PBS and blocked with 5%BSA in PBS for 1
h. Polyclonal antiserum against N, GN or GC was diluted in 1%
BSA in PBS and incubated on the cells for 1 h at room
temperature. The cells were washed with PBS and incubated with
secondary antibodies conjugated to Alexa Fluor 488 (Molecular
probes, Invitrogen) or Rhodamin Red X (Nordic) for 1 h at room
temperature. Cells were washed overnight with PBS and
examined in a Zeiss LSM510 confocal laser scanning micro-
scope. As a (trans-) Golgi marker, a galactosyl transferase protein
C-terminally fused to EYFP was used (Llopis et al., 1998).
Fluorescence lifetime imaging microscopy (FLIM)
FLIM was performed using a Biorad Radiance 2100 MP
system in combination with a Nikon TE 300 inverted micro-
scope. Two-photon excitation pulses were generated by a Ti:
Sapphire laser (Coherent Mira) that was pumped by a 5 W
Coherent Verdi laser. Pulse trains of 76 MHz (150-fs pulse
duration, 860-nm center wavelength) were produced. The
excitation light was directly coupled into the microscope and
focused into the sample using a CFI Plan Apochromat 60×water
immersion objective lens (N.A. 1.2) Fluorescent light was
detected using the non-descanned single photon counting
detection, which is the most sensitive solution for two-photon
imaging. For the FLIM experiment the Hamamatsu R3809U
MCP PMTwas used, which has a typical time resolution around
50 ps. CFP emission was selected using a 480DF30 nm band-
pass filter. Images with a frame size of 64*64 pixels were
acquired using the Becker and Hickl SPC 830 module (Borst et
al., 2003). The average acquisition time was 200 s. From the
intensity images obtained, complete fluorescence lifetime
decays were calculated per pixel and fitted using a double
exponential decay model. The lifetime of one component was
fixed to the value found for GC–CFP and GN–CFP (2.6 ns).
FRET analysis by acceptor photobleaching
Cells were either observed directly or after fixation with
ethanol (96%, 20min at room temperature) or paraformaldehyde
(4%, 20–30 min at room temperature). Preparations of cells on
coverslips were mounted on microscope slides and observed
using a Zeiss LSM510 confocal laser scanning microscope
based on an Axiovert inverted microscope with a 40× oilimmersion objective with a numerical aperture of 1.3. The
Argon laser was used to excite both fluorophores. CFP
excitation was provided by the 458-nm laser line using 3–25%
of laser power and detected by using an HFT 458/514 main
dichroic splitter, an NFT 515 dichroic splitter acting as a short-
pass filter, and a band-pass 470- to 500-nm filter. The pinhole
was set at 60 or 86 μm for most experiments, although diameters
up to 329 μm were used incidentally in case of GC–CFP and
GN–CFP (1 airy unit=66 μm). YFP was excited at 514 nm with
1–10% of laser power and detected with the same HFT 458/514
main dichroic splitter, the same NFT 515 dichroic splitter acting
as a long-pass filter, and a band-pass 535- to 590-nm filter. The
pinhole for YFP detection was set at 71, 76 or 96 μm (1 airy
unit=76 μm). Operating in a multi-tracking mode allowed cross
talk-free CFP and YFP images to be collected without changing
filters. YFP bleaching was performed by exposing a pre-defined
region to 20 pulses of the 514-nm laser line set at 95%.
Virus and RNP purification
TSWV isolate BR-01 was maintained in Nicotiana rustica
plants by mechanical inoculation and thrips transmission. Virus
particles and RNPs (semi-purified fraction) were isolated at 4 °C
from systemically infected N. rustica leaves as described by Van
Knippenberg et al. (2002). To obtain highly purified RNPs,
cesium sulphate was added to the RNP fractions (1.65 g/5.5 ml)
and the mixture centrifuged for 16 h at 120,000×g. RNPs were
collected from the gradient, dialysed against citrate buffer and
stored at −20 °C.
Protein gel electrophoresis and Western blotting
Samples were mixed with protein sample buffer (Laemmli,
1970) with or without 15 mM DTT, boiled for 5 min and
resolved on a 10% polyacrylamide gel. After electrophoresis,
proteins were blotted onto PVDF membrane (Milllipore) using
a semi-dry blotting procedure in tris-glycine buffer (48 mM
Tris base, 39 mM glycine, 0.0375% SDS and 20% (v/v)
methanol). Blots were rinsed with TBS-T (0.05 M Tris base,
0.2 M NaCl, 0.1% Tween-20, pH 7.5) at room temperature.
Subsequently, the blots were blocked overnight in 1.5% (w/v)
skimmed milk powder in TBS-T at 4 °C, washed a few times
with TBS-T and incubated with antiserum diluted in incubation
buffer (TBS-T with 0.2% skimmed milk powder) for 1–2 h at
37 °C. After washing with TBS-T, the blots were incubated in
incubation buffer with secondary antibody conjugated to
alkaline phosphatase for 1–2 h at 37 °C and developed
using 400 μl BCIP/NBT stock solution (Roche) in 20 ml AP-
buffer (0.1 M Tris base, 0.1 M NaCl and 0.05 M MgCl2).
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